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The Spin Asymmetries of the Nucleon Experiment (SANE) measured two double spin asymmetries using a polarized proton target and polarized electron beam at two beam energies, 4.7 GeV and 5.9 GeV. A large-acceptance open-configuration detector package identified scattered electrons at 40
• and covered a wide range in Bjorken x (0.3 < x < 0.8). Proportional to an average color Lorentz force, the twist-3 matrix element,d p 2 , was extracted from the measured asymmetries at Q 2 values ranging from 2.0 to 6.0 GeV 2 . The results are found to be in agreement with the existing measurements and lattice QCD calculations, however, the observed salient scale dependence ofd2 deserves further investigation.
Today, it is accepted that Quantum Chromodynamics (QCD), the gauge theory of strong interactions, plays a central role in our understanding of nucleon structure at the heart of most visible matter in the universe. QCD successfully describes many observables in high energy scattering processes where the coupling among the confined constituents of hadrons (quarks and gluons) is small and perturbative (pQCD) calculations are possible, taking advantage of factorization theorems and evolution equations similar to quantum electrodynamics (QED). At the same time, QCD offers a clear path to unravel the non-perturbative structure of hadrons using lattice QCD, a powerful ab initio numerical method that provides the best insight when the coupling among the constituents is arXiv:1805.08835v2 [nucl-ex] 26 Jun 2018 strong.
The most fascinating property of QCD is confinement, which must arise from the dynamics of the partons inside hadrons. A small window into this dynamical behavior is offered by observables sensitive to quark-gluon correlations inside the spin-1 2 nucleon. An operator product expansion (OPE) provides well-defined quantities which codify not only the well known parton distributions in the nucleon, but also quark-gluon correlations lacking a naive partonic interpretation. Taking advantage of the spin- 1 2 nucleon, these quantities can be measured in polarized inclusive deep inelastic electron scattering experiments and calculated as well, using lattice QCD (for review see [1] ).
The principal focus of this Letter is the measurement of the dynamical twist-3 matrix element,d 2 , which is interpreted as an average transverse color Lorentz force [2, 3] a quark feels as it starts its journey trying to escape the nucleon and becomes a hadron just as it is struck by the virtual photon during the scattering process. Most importantly, a transversely polarized nucleon target probed with polarized electrons yield a unique experimental situation, where this color Lorentz force can be directly measured and used to test ab initio lattice QCD calculations.
This interpretation ofd 2 as an average transverse color Lorentz force acting on the struck quark the instant it is struck by the virtual photon is easily seen by examining the Lorentz components of the gluon field strength tensor
The tensor appears in the definition of the local matrix element
where the semi-classical interpretation is valid in the infinite momentum frame of the proton which is moving with velocity v = −cẑ. The nucleon spin structure functions, g 1 and g 2 , parameterize the asymmetric part of the hadronic tensor in inclusive electromagnetic scattering, which through the optical theorem, is related to the forward virtual Compton scattering amplitude, T µν . The reduced matrix elements of the quark operators appearing in the OPE analysis of T µν are related to Cornwall-Norton (CN) moments of the spin structure functions. At next-to-leading twist, the CN moments give
and
where a n =ã n−1 /2 and d n =d n−1 /2 are the twist-2 and twist-3 reduced matrix elements, respectively, which for increasing values of n have increasing dimension and spin.
If target mass corrections (TMCs) are neglected, the twist-3 matrix element can be extracted from the n = 3 CN moments at fixed Q
where g T = g 1 + g 2 . Using the so-called Lorentz invariance relations (LIR) and equations of motion (EOM) relations [4] , the structure function can be written
where the first braced term is pure twist-3 while the second is pure twist-2. The distributions g T and g T are defined through the twist-3 quark-gluon-quark correlator. The former appears in the LIR while the latter comes from the EOM relations. The transversity distribution, h 1 , disappears if the quark mass is neglected, i.e., m → 0. Nachtmann moments should be used at low Q 2 instead of CN moments as is emphasized in [5] . Definitions of the Nachtmann moments, M n 1 and M n 2 , are found in [5] [6] [7] where they appear as more complicated versions of equations (3) and (4) which mix g 1 and g 2 . They are related to the reduced matrix elements through (8) where we use the convention of Dong 1 . Nachtmann moments, by their construction, project out matrix elements of definite twist and spin, therefore, they do not contain
terms. When the target mass is neglected, i.e. M 2 /Q 2 → 0, these equations reduce to M
Because both twist-2 and twist-3 operators contribute at the same order in transverse polarized scattering, a measurement of g 2 provides direct access to higher twist effects [13] , i.e., without complicating fragmentation functions that are found in SIDIS experiments, for example. This puts polarized DIS in an entirely unique situation to test lattice QCD [14] and models of higher twist effects.
The Spin Asymmetries of the Nucleon Experiment was conducted at Thomas Jefferson National Accelerator Facility in Hall-C during the winter of 2008-2009 using a longitudinally polarized electron beam and a polarized proton target. Inclusive inelastic scattering data in both the deep inelastic scattering and nucleon resonance regions were taken with two beam energies, E = 4.7 and 5.9 GeV, and with two target polarization directions: longitudinal, where the polarization direction was along the direction of the electron beam, and transverse, where the target polarization pointed in a direction perpendicular to the electron beam. To detect electrons at similar kinematics for both target configurations the magnet angle for the transverse configuration was 80
• . Scattered electrons were detected in a new detector stack called the big electron telescope array (BETA) and also independently in Hall-C's high momentum spectrometer (HMS). Here, we give a brief discussion of the experimental apparatus and techniques, which are discussed in more details in an instrumentation paper [15] .
The beam polarization was measured periodically using a Møller polarimeter and production runs had beam polarizations from 60% up to 90%. The beam helicity was flipped from parallel to anti-parallel at 30 Hz and the helicity state, determined at the accelerator's injector, was recorded for each event.
A polarized ammonia target acted as an effective polarized proton target and achieved an average polarization of 68% by dynamic nuclear polarization in a 5 T field. NMR measurements, calibrated against the calculable thermal equilibrium polarization, provided a continuous monitor of the target polarization. To mitigate local heating and depolarizing effects, the beam current was limited to 100 nA and a raster system moved the beam in a 1 cm radius spiral pattern. By adjusting the microwave pumping frequency, the proton polarization direction was reversed. These two directions, positive and negative target polarizations, were used to estimate associated systematic uncertainties, since taking equal amounts of data with alternating positive and negative target polarization largely cancels any correlated behavior in the sum.
BETA consisted of four detectors: a forward tracker placed close to the target, a threshold gas Cherenkov counter, a Lucite hodoscope, and a large electromagnetic calorimeter called BigCal. BETA was placed at a fixed central scattering angle of 40
• and covered a solid angle of roughly 200 msr. Electrons were identified by the Cherenkov counter, which had an average signal of roughly 18 photoelectrons [16] . The energy was determined by the BigCal calorimeter, which consisted of 1744 lead glass blocks placed 3.35 m from the target. BigCal was calibrated using a set of π 0 → γγ events. The Lucite hodoscope provided additional timing and position event selection cuts and the forward tracker was not used in the analysis of production runs.
The 5 T polarized-target magnetic field caused large deflections for charged particle tracks. In order to reconstruct tracks at the primary scattering vertex, corrections to the momentum vector reconstructed at BigCal were calculated from a set of neural networks that were trained with simulated data sets for each configuration.
The invariant mass of the unmeasured final state is
• ) and transverse (α = 80
• ) target configurations were formed using the yields for beam helicities pointing along (+) and opposite (−) the direction of the electron beam,
where α = 180
• or 80
• for the longitudinal and transverse target configurations respectively. The normalized yields are N ± = n ± /(Q ± L ± ), where n ± is the raw number of counts for each run (∼ 1 hour of beam on target), Q ± is the accumulated charge for the given beam helicity over the counting period, and L ± is the live time for each helicity, f (W, Q 2 ) is the target dilution factor, and the beam and target polarizations are P B and P T respectively. The target dilution factor, taking into account scattering from unpolarized nucleons in the target and depending on the scattered electron kinematics, is discussed in detail in [15] .
The dominant source of background for this experiment came from the decay of π 0 s into two photons which, subsequently, produce electron-positron pairs which are then identified as DIS electrons. A pair produced outside of the target no longer experiences a strong magnetic field deflection, and therefore the pair travels in nearly the same direction. These events produced twice the amount ofČerenkov light and are effectively removed with a cut in maximum signal amplitude [16] . However, pairs produced inside the target are sufficiently and oppositely deflected, causing BETA to observe only one particle in the pair. These events cannot be removed through selection cuts and are treated through a background correction.
The background correction was determined by fitting existing inclusive π 0 production data and running a simulation to determine their contribution relative to the measured inclusive electron scattering yields. The correction only becomes significant at scattered energies below 1.2 GeV, where the positron-electron ratio begins to rise. The background correction consisted of a dilution (f BG ) and contamination (C BG ) term defined as
The contamination term was small and only increases to 1% at the lowest x bin. The background dilution also increases at low x and becomes significant (> 10% of the measured asymmetry) only for x < 0.35. After correcting for the pair symmetric background, the radiative corrections were applied following the standard formalism laid out by Mo and Tsai [17] and the polarization dependent treatment of Akushevich, et al. [18] . The elastic radiative tail was calculated from models of the proton form factor [19] . The pairsymmetric background-corrected asymmetry was then corrected with elastic dilution and contamination terms
where f el is the ratio of inelastic scattering to the sum of elastic and inelastic scattering, and C el is the polarized elastic scattering cross section difference over the total inelastic cross section. The elastic dilution term remained less than 10% of the measured asymmetry in the range x = 0.3 to 0.8 for both target configurations.
In the same range of x, the longitudinal configuration's elastic contamination remained less than 10% in absolute value, whereas, the transverse configuration's elastic contamination remained less than a few percent in absolute units. The last correction required calculating the polarization dependent inelastic radiative tail of the Bornlevel polarization-dependent cross sections, which form the measured asymmetry. However, numerical studies [17, 20] with various models indicate the size of this radiative tail is small for most kinematics, reaching a few percent only at the lowest and highest E bins. More importantly, the contribution of this radiative tail to the inelastic asymmetry remains within the systematic uncertainties associated with the model and numerical precision of our calculations. Therefore, this correction was treated as a systematic uncertainty. This situation can only improve with future precision measurements of the polarization-dependent cross sections by scanning beam energies at a fixed angle [17] .
The virtual Compton scattering asymmetries can be written in terms of the measured asymmetries FIG. 1. The SANE results (circle) and existing data from SLAC's E143 (square) [21] , E155 (filled up triangle) [22] , E155x (filled down triangle) [23] , HERMES (up triangle) [24] , and RSS (down triangle) [25] experiments for the virtual Compton scattering asymmetries A and
with α = 80
• and where A 180 and A 80 are the corrected asymmetries, D = (1 − )/(1 + R), = (1 + 2(1 + ν 2 /Q 2 ) tan 2 (θ/2)) −1 is the virtual photon polarization ratio, and R = σ L /σ T is the ratio of longitudinal to transverse unpolarized cross sections. The combined results for A 1 and A 2 versus W are shown in Fig. 1 . These results significantly improve the world data on A p 2 . The spin structure functions can be obtained from the measured asymmetries by using equations (12) and (13) along with
where γ 2 = Q 2 /ν 2 . Table I lists the measured moments and corresponding integrated x ranges. The systematic uncertainties at the lower part of this range are dominated by the pairsymmetric background, which rapidly decreases towards higher x, where the target polarization, target dilution, and beam polarization uncertainties are most significant. Estimates for the low and high x contributions and their uncertainties were obtained from parton distribution fits to data [26, 27] and fits to data in the resonance region [28] . It is important to note that the moments include the point at x = 1, which corresponds to elastic scattering on the nucleon. The elastic contributions to the moments are computed according to [29] using empirical fits to the electric and magnetic form factors [19] . At large Q 2 , the elastic contribution becomes negligible. In some sense, the elastic contribution,d el 2 , is of little interest -it is the deviation from the elastic which provides the insight into the color forces responsible for confinement.
The results for the Nachtmann moment 2M Fig. 2 along with a comparison to the two previous measurements, lattice QCD results, and model calculations. The first measurement was extracted from the combined results of the SLAC E143, E155, and E155x experiments [23] . The SLAC and lattice results are in agreement with our result at Q 2 = 4.3 GeV 2 . The measurement from the Resonance Spin Structure (RSS) experiment [25] , extracted at Q 2 = 1.28 GeV 2 has a valuẽ d p 2 = 0.0104 ± 0.0016, of which ∼ 1/3 comes from the inelastic contribution.
At Q 2 = 2.8, the result is lower than the elastic and next-to-leading power corrections predict. Interestingly, this result complements a recent neutrond n 2 measurement [30, 31] , which also observed a significantly more negative value at Q 2 3 GeV 2 . Taken together, these results may indicate the forces observed are isospin independent. Interpreted as an average color Lorentz force, this observation agrees in a simple model where the proton and neutron, being isospin partners, have the same color-space wave-function, and therefore, the struck quark will feel the same average color force.
In summary, the proton's spin structure functions g 1 and g 2 have been measured at kinematics allowing for an extraction of twod 2 values each at near constant Q 2 . The present results may indicate a non-trivial scale dependence of the color Lorentz force. This scale dependence could shed light on the quark-gluon correlations of QCD responsible for the partonic structure of the nucleon and modern lattice QCD calculations are sorely needed. In [14] and previous measurements from SLAC [23] and RSS [25, 32] are shown with the dotted line corresponding to the elastic contribution. Model calculations from sum rules [33, 34] , the CM bag model [34, 35] , and the chiral soliton model [36] are also shown. the future, precision measurements with a transversely polarized proton target will greatly improve our understanding of these color forces.
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